In its natural environment, Escherichia coli is exposed to short-chain fatty acids, such as acetic acid or propionic acid, which can be utilized as carbon sources but which inhibit growth at higher concentrations. DNA microarray experiments revealed expression changes during exponential growth on complex medium due to the presence of sodium acetate or sodium propionate at a neutral external pH. The adaptive responses to acetate and propionate were similar and involved genes in three categories. First, the RNA levels for chemotaxis and flagellum genes increased. Accordingly, the expression of chromosomal fliC-lacZ and flhDC-lacZ fusions and swimming motility increased after adaptation to acetate or propionate. Second, the expression of many genes that are involved in the uptake and utilization of carbon sources decreased, indicating some kind of catabolite repression by acetate and propionate. Third, the expression of some genes of the general stress response increased, but the increases were more pronounced after short-term exposure for this response than for the adaptive response. Adaptation to propionate but not to acetate involved increased expression of threonine and isoleucine biosynthetic genes. The gene expression changes after adaptation to acetate or propionate were not caused solely by uncoupling or osmotic effects but represented specific characteristics of the long-term response of E. coli to either compound.
Enteric bacteria colonizing their mammalian hosts are exposed to acid stress in the stomach and to high concentrations of short-chain fatty acids in the intestine. The responses of Escherichia coli to low pHs and to short-chain fatty acids are thought to largely overlap as, for example, survival at an extremely low pH is increased after exposure either to an acidic pH or to acetate at a neutral pH (4, 61) . The toxicity of short-chain fatty acids has been attributed to their uncoupling effect on the transmembrane pH gradient and thus to interference with efficient energy metabolism (3, 8) . In their neutral form, these uncoupling agents diffuse across the plasma membrane; once they reach the cytoplasm, the anionic form dominates, releasing a proton and decreasing the transmembrane proton gradient (5) . The inhibitory effects of acetate on growth rates and maximum cell densities vary with the carbon source (39) . A low pH or treatment with growth-inhibiting concentrations of acetate, salicylate, or benzoate affects the expression of many genes, in particular, those of the transcription and translation machineries and of the general stress response (4, 11, 35, 38, 52) . RpoS was shown to be essential for acid tolerance induced by either entry into the stationary growth phase or growth at a low pH or with acetate (4, 35, 62) . The growthinhibiting effects of acetate can be relieved by the addition of methionine, indicating homocysteine toxicity and impaired methionine biosynthesis as their bases (55) .
Acetate and propionate serve as sole carbon sources for the growth of E. coli. Acetate is transported into the cell and activated to acetyl coenzyme A (acetyl-CoA) by acetyl-CoA synthetase (encoded by acs). The expression of acs is increased in the presence of acetate and is regulated by cyclic AMP (cAMP)-cAMP receptor protein (CRP) and FNR as well as by IclR and its activator, FadR (36) . Acetyl-CoA is further metabolized through the glyoxylate shunt and the tricarboxylic acid cycle. The expression of the aceBAK operon, which codes for the key enzymes of the glyoxylate cycle, isocitrate lyase and malate synthase, and for isocitrate dehydrogenase kinase/phosphatase, is activated by FruR and IHF and is repressed by IclR, which in turn is activated by FadR (16) . Compared to glucosegrown cells, acetate-grown E. coli possess increased RNA levels for aceBAK, acs, the malic enzyme gene maeB, several other gluconeogenic genes, genes involved in glycol formation, genes of the D-glycerate pathway, and many glucose-repressed genes (50) . Propionate, after uptake into the cell, is activated to propionyl-CoA by prpE-encoded propionyl-CoA synthetase in enteric bacteria (27) . Propionyl-CoA is converted to pyruvate in the methylcitrate cycle (68) . The expression of the prpBCDE operon of enteric bacteria, which codes for 2-methylcitrate synthase, 2-methylcitrate dehydratase, and 2-methylcitrate lyase, which are key enzymes of the methylcitrate cycle, and propionyl-CoA synthetase, depends on PrpR, IHF, and NtrA (10, 27, 51, 68) .
Acetate is also a major by-product of E. coli metabolism. Fermentation by E. coli leads to the production of acetate, formate, D-lactate, and succinate (12, 32, 56) . At low pHs, mainly lactate (14) and H 2 and CO 2 (56) are produced by E. coli. At neutral and basic pHs, acetate, ethanol, and formate are the major fermentation products (32) . Whereas the production of acetate is maximal anaerobically (32) , aerobically growing cultures also excrete acetate (13, 15) and formate (1, 66) . At present, acetate excretion during growth on glucose in the presence of sufficient availability of oxygen is not fully understood. Insufficient carbon flux through the citric acid cycle due to repression of this cycle in rapidly growing cells has been proposed to prompt acetate production (40, 49) .
As acetate toxicity is believed to limit biotechnological production, for example, of recombinant proteins by E. coli, strategies to reduce acetate formation through medium design and feeding control were developed (reviewed in reference 42). Metabolic engineering to reduce acetate formation mainly resulted in the redirection of metabolism toward other by-products (3, 8, 15, 20, 22, 75) . mlc, originally identified in a genetic screen for reduced acetate production (28) , encodes a negative regulator of the glucose-specific ptsG gene, of the general phosphotransferase system (PTS) gene ptsIH, of malT and thus the mal regulon, and of the mannose degradation operon manXYZ. Mlc activity is regulated by its sequestration to the EIIBC Glc component of the glucose PTS (41, 48, 67) , and its overexpression leads to reduced sugar uptake and subsequently to less acetate formation (28) .
As acetate affects the physiology of E. coli in several ways, namely, as a carbon source for growth, as a metabolic product, and as a toxic compound inhibiting growth, in this study we performed DNA microarray experiments to assess gene expression patterns due exclusively to the presence of acetate. We studied E. coli cells growing exponentially for many generations on Luria-Bertani (LB) complex medium in the presence or absence of sodium acetate at a neutral pH. Under these conditions, acetate neither was a significant carbon source nor was produced as a metabolic by-product; in addition, at the low acetate concentration used, growth was not substantially impaired. Similar experiments were performed with sodium propionate. The differential expression patterns were distinguished from short-term adaptation to either sodium acetate or sodium propionate and from adaptation to osmotic effects due to increased medium osmolality. The effects of transmembrane pH decoupling were analyzed by comparing the effects of acetate or propionate on global gene expression to those of the uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP). (60) were used. All cultures were grown at 37°C on LB complex medium in 500-ml baffled shake flasks with agitation at 130 rpm (57) . Cell growth was monitored as the optical density at 600 nm (OD 600 ) (UV-1202 spectral photometer; Shimadzu). When needed, cultures contained 20 mM sodium acetate (pH 7.4), 20 mM sodium propionate (pH 7.4), or 40 M CCCP (dissolved in ethanol). The reference culture was given an equal amount of water or ethanol. During cultivation, the pH remained constant at between 6.6 and 6.9. Precultures were inoculated into main cultures and contained the same additives as the main cultures. For adaptation experiments, cultures were grown exponentially for ϳ20 generations by repeated dilution to ensure full adaptation. For pulse experiments, acetate, propionate, or CCCP was added 5 min before cell harvest for RNA preparation.
MATERIALS AND METHODS

Strains
Assays of ␤-galactosidase and glutamic acid decarboxylase activities. Aliquots from replicate cultures in the exponential growth phase were withdrawn and specific ␤-galactosidase activities (Miller units) were measured and calculated as described previously (47) . For measurement of glutamic acid decarboxylase activities, cells were collected by centrifugation and resuspended in 1 mM pyridoxal 5Ј-phosphate-1 mM dithiothreitol in water. Cells were disrupted by sonication and enzyme activity in crude extracts was measured as described previously (17) .
Determination of acetate, propionate, pyruvate, and D-glucose levels. The cell-free culture medium obtained by centrifugation of cell culture aliquots (3 min, 4,500 ϫ g, 4°C) was assayed for acetate, propionate, pyruvate, and D-glucose levels. Acetate and D-glucose levels were determined enzymatically by using kits according to the manufacturer's instructions (R-Biopharm, Darmstadt, Germany). Pyruvate levels were determined by converting pyruvate to lactate with pig lactate dehydrogenase (Boehringer Mannheim) in triethanolamine buffer (0.5 M triethanolamine [pH 7.6], 5 mM EDTA) containing NADH, and NADH consumption was measured at 340 nm. For the determination of propionate levels, reverse-phase high-pressure liquid chromatography with a Hitachi D-7000 HPLC system (Merck) equipped with an Aminex HPX-87H column (150 by 7.8 mm; Bio-Rad) was used. Isocratic elution was performed with 6 mM H 2 SO 4 at a flow rate of 0.6 ml/min, and absorption at 215 nm was used for detection.
Swimming motility assay. The medium used for the swimming motility assay was LB medium containing 0.3% (wt/vol) agar (Difco) and, if necessary, 20 mM sodium acetate or sodium propionate at a neutral pH. Plates were inoculated by placing a 5-l volume of bacteria from adapted cultures (OD 600 , 0.4) in the center of the plates. The plates were wrapped to prevent dehydration and incubated at 37°C. After 18 h, the colony diameters on each plate were determined.
Generation of E. coli DNA microarrays. To characterize changes in the patterns of gene expression due to the presence of each additive in complex medium, mRNA levels for nearly every gene (94%) of the E. coli MG1655 genome were compared by using DNA microarrays. These arrays were made by robotically spotting PCR products that were generated with an ORFmer primer set (Genosys Biotechnologies, Cambridgeshire, England) onto glass microscope slides as described previously (76) . These primers amplify each entire open reading frame. As a random test, a microarray of each generated batch was hybridized to ascertain whether sufficient amounts of PCR products were immobilized on the glass surface. Fluorescence-labeled DNA derived from random priming of 2 g of E. coli genomic DNA with the large fragment of DNA polymerase I (Gibco BRL, Life Technologies) was hybridized. Hybridization signals exceeding noise by a factor of 3 were observed for 4,035 (98.2%) of 4,108 amplified and arrayed E. coli genes, indicating that the immobilized PCR products (spots) allowed for sufficient hybridization (data not shown).
Preparation of total RNA and cDNA synthesis. Portions (ϳ35 ml) of exponentially growing E. coli cultures (OD 600 , 0.3 to 0.5) were added to 15 g of ice (Ϫ20°C), and cells were harvested immediately by centrifugation (3 min, 4,500 ϫ g, 4°C) (72) . Cells were suspended in 350 l of RLT buffer from an RNeasy system (Qiagen, Hilden, Germany). For mechanical disruption, cells were added to 0.5 g of 0.1-mm Zirconia/Silica beads (Roth, Karlsruhe, Germany), followed by bead beating five times for 30 s each time with a Silamat S5 apparatus (Vivadent, Ellwangen, Germany). After centrifugation (1 min, 13,000 ϫ g, room temperature), the supernatant was processed with the RNeasy system as recommended by the manufacturer. The isolated RNA was treated with 20 U of DNase I (RNase free; Roche Diagnostics GmbH, Mannheim, Germany) in DNase I buffer (1 M sodium acetate, 50 mM MgSO 4 [pH 5.0]) for 20 min at 37°C, incubated for 10 min at 70°C to inactivate DNase I, and purified by phenolchloroform-isoamyl alcohol (25:24:1) and chloroform-isoamyl alcohol (24:1) extractions followed by ethanol precipitation (57) . RNA concentrations were determined photometrically, and RNA quality was checked on formamide gels as described previously (57) .
Equal amounts of total RNA (15 to 25 g) were used for random hexamerprimed synthesis of fluorescence-labeled cDNA with the fluorescent nucleotide analogues Cy3-dUTP (green) and Cy5-dUTP (red) (Amersham Pharmacia) as described previously (72) .
DNA microarray hybridization and washing. Mixtures of Cy3-and Cy5-labeled cDNA probes containing 1 g of poly(A) (Sigma, Taufkirchen, Germany)/l as a competitor, 3ϫ SSC (1ϫ SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate; nuclease free), and 25 mM HEPES were hybridized to the microarrays for 5 to 10 h at 65°C. After hybridization, the arrays were washed in a solution containing 1ϫ SSC and 0.03% sodium dodecyl sulfate and then in 0.05ϫ SSC. After washing, the slides were dried by centrifugation (5 min, 50 ϫ g). Detailed procedures for microarray hybridization and stringent washing are described in the MGuide (http://cmgm.stanford.edu/pbrown/protocols/index .html).
DNA microarray scanning, data normalization, and gene expression analyses. Immediately after drying, the fluorescence at 532 nm (Cy3-dUTP) and 635 nm (Cy5-dUTP) was determined at a 10-m resolution by using an Axon Inc. GenePix 4000 laser scanner. Acquired raw fluorescence data were stored as image files in TIFF format by using GenePix Pro 3.0 software (Axon). TIFF images were analyzed quantitatively by using GenePix Pro 3.0 software. TIFF images contained measured Cy3 and Cy5 fluorescence signals for each image pixel. Typically, at a 10-m scan resolution, each spot area comprised ϳ100 image pixels, and ϳ600 image pixels around the spot area were considered background. The median Cy3 and the median Cy5 fluorescence signals were used to calculate the background subtracted Cy5/Cy3 ratio for the median for each spot (GenePix Pro 3.0 software). The ratios were log transformed and normalized by multiplying by a constant normalization factor to normalize the Cy3 fluorescence to the Cy5 fluorescence. The factor was calculated individually for each microarray experiment by using the log-transformed ratios of genomic DNA spots of E. coli MG1655 whose averages of log-transformed and normalized ratios were zero (33, 43, 72, 76) . In each microarray experiment, the ratio variance for genomic DNA spots was 10 to 20%. The log-transformed and normalized Cy5/Cy3 ratio for the median was taken to reflect relative RNA level changes. Typically, 2,500 to 4,000 genes could be detected (by the Axon Genepix software) on the basis of spot fluorescence signals exceeding spot background noise. With a more rigorous criterion, RNA levels for 2,000 to 3,600 genes could be determined under the conditions tested on the basis of hybridization signals exceeding background noise by at least a factor of 3. When Cy3 and Cy5 fluorescence signals were less than threefold above the background, signals were considered too weak to be analyzed quantitatively. Replicate experiments typically correlated well, as determined from scatter plots (correlation coefficient, ϳ0.9).
For statistical analysis of global gene expression (2, 26) , P values were calculated by use of Student's t test with log-transformed RNA levels determined in independent replicate experiments or log-transformed ratios of genomic DNA spots normalized to zero (43) .
For hierarchical cluster analysis of gene expression data by using the average linkage clustering method (18) , normalized and log-transformed mRNA levels for 4,108 amplified and arrayed genes of E. coli were selected by using the following criteria. (i) Reliable detection was based on signal-to-noise ratios exceeding a factor of 3. (ii) In a paired Student's t test, relative RNA levels were significantly different from the levels of the genomic DNA controls (P Ͻ 0.05) (43) . (iii) Relative mRNA levels were greater than 2 or less than 0.5 in at least one DNA microarray experiment. (iv) In addition to these genes, we included genes that belonged to the same operon but that did not fulfill each of the above criteria. (v) Genes were excluded when reliable signals were detected in less than two-thirds of all experiments. The color image (Fig. 1) shows the log-transformed numerical relative mRNA levels encoded by color according to the method introduced by Eisen et al. (18) , with grey indicating that no reliable signal was measured.
RESULTS
Analyses of genome-wide expression in response to acetate or propionate. In order to determine global gene expression changes in E. coli MG1655 exponentially growing on LB complex medium after adaptation to sodium acetate and sodium propionate, we performed four and three independent DNA microarray experiments, respectively. E. coli MG1655 was cultivated exponentially by repeated dilution on LB complex medium for about 20 generations in the absence or in the presence of neutralized 20 mM sodium acetate or 20 mM sodium propionate. Under these conditions, the medium pH remained approximately constant at 6.6 to 6.9 during cultivation. The presence of sodium acetate or sodium propionate led to only slight decreases in growth, as doubling times were 26 min on LB medium, 34 min on LB medium plus acetate, and 34 min on LB medium plus propionate. When cells were harvested at an OD 600 of 0.4 to 0.5 for RNA preparation, 20 Ϯ 1 mM acetate or 20 Ϯ 1 mM propionate (mean and standard deviation) was detected in the medium, indicating that neither compound was utilized to a large extent. Moreover, on LB medium plus acetate, 6 mM pyruvate had accumulated, compared to 1 mM on LB medium and 3.5 mM on LB medium plus propionate. The addition of sodium acetate and sodium propionate resulted in changed RNA levels for about 3% of the E. coli genes (Table  1 and data not shown).
To address gene expression changes elicited by increased sodium concentrations or increased medium osmolarity, we performed three DNA microarray experiments comparing relative RNA levels from cultures grown for 20 generations with or without sodium chloride at 20 mM. However, the addition of sodium chloride caused only very minor expression changes (Table 1) . Gene expression data from these 10 DNA microarray experiments (including replicates) carried out to study adaptation to sodium acetate, sodium propionate, or sodium chloride were analyzed statistically (for details, see Materials and Methods). Spot fluorescence signals exceeded spot background fluorescence by at least a factor of 3, and changes in relative mRNA levels were significant (P value, Ͻ0.05, as determined by a paired Student's t test) (43) and were greater than 2-fold or less than 0.5-fold in at least one experiment. In this set of experiments, 153 genes fulfilled these criteria; if they belong to an operon, they are listed together with all genes of that operon (233 genes in total) in Table 1 .
To determine whether these expression changes were specific for long-term adaptation to acetate or propionate, several control experiments were performed and included in the hierarchical cluster analysis. In order to assess the immediate response of E. coli MG1655 to either compound, gene expression changes 5 and 50 min after the addition of 20 mM sodium acetate (two and six microarray experiments, respectively) and 5 min after the addition of sodium propionate (one microarray experiment) were determined. As acetic acid and propionic acid are weak acids known to inhibit growth presumably by uncoupling of the transmembrane pH gradient (5), we determined gene expression changes 5 min and 3 h after the addition of the uncoupler CCCP (two microarray experiments each). To minimize effects due to growth inhibition, CCCP was added to a final concentration of 40 M, which led to a 41-min doubling time, compared to 26 min on LB medium. The hierarchical cluster calculations were performed by using the expression data obtained for the 233 genes listed in Table 1 from a total of 27 DNA microarray experiments. Of these, 179 genes were measured reliably in two-thirds or more of all experiments and were included in the clustering analysis by the algorithm described by Eisen et al. (18) (Fig. 1) .
Clustering of experimental conditions revealed that gene expression changes after adaptation to acetate or to propionate were similar to each other but were distinct from gene expression changes after short exposure to either acetate or propionate and distinct from the response to CCCP (Fig. 1) . Clustering of genes showed similar RNA level differences for genes in three subclusters (Fig. 1) . Most notably, a group of 33 genes which included 27 chemotaxis and flagellum genes showed 1.5-to 21-fold increases in mRNA levels after adaptation to acetate and to propionate but not under any other conditions ( Fig. 1, subcluster 2) . A large group of genes exhibited ϳ0.67-to 0.1-fold decreases in mRNA abundances after adaptation to either acetate or propionate. Most of these 70 genes are involved in the uptake and catabolism of carbon and energy sources other than glucose (Fig. 1, subcluster 3 ). Furthermore, a group of 12 genes, most of which are RpoS-dependent general stress response genes, exhibited increases in RNA levels after adaptation to either acetate or propionate. However, the extent of expression increases for these genes was greater shortly after the addition of acetate, propionate, or CCCP ( Fig. 1, subcluster 1 ). Increased expression of the chemotaxis and flagellum genes after long-term adaptation to acetate and propionate. In the hierarchical cluster analysis, 27 chemotaxis and flagellum genes were part of subcluster 2, with increased RNA levels only after adaptation to acetate or propionate (Fig. 1, subcluster 2 ). In addition, this subcluster contained four genes of the type I fimbria operon and genes b1936 and b2680, encoding hypothetical proteins. To verify the DNA microarray expression data for the chemotaxis and flagellum genes, we used translational fusions of lacZ with the promoter regions of flhDC and fliC (43) . The flhDC operon (class I) codes for the master regulator of flagellar operons, whereas fliC (class III gene of the flhDC regulon) codes for the major flagellar subunit flagellin (46) . The expression of the chromosomal flhDCЈ-ЈlacZ fusion increased 3-and 8-fold in cells adapted to acetate and propionate, respectively (Table 2) , whereas 1.5-to 2-fold increases in RNA abundances were determined in DNA microarray experiments (Table 1) . After adaptation to acetate and propionate, the expression of the chromosomal fliCЈ-ЈlacZ fusion increased 5-and 6-fold, respectively (Table 2) , whereas 21-and 10-fold increases in RNA levels were determined in DNA microarray experiments (Table 1) . Thus, DNA microarray determination of increased RNA levels for a class I gene and a class III gene of the flagellar regulon could be verified independently by analysis of the expression of lacZ translational fusions.
To determine whether the increased expression of chemotaxis and flagellum genes after adaptation to acetate or propionate has an effect on swimming behavior, we tested the swimming of E. coli MG1655 on soft tryptone agar with or without 20 mM sodium acetate (pH 7) or 20 mM sodium propionate (pH 7). E. coli MG1655 showed increased colony sizes on soft tryptone agar with 20 mM acetate or propionate compared to the colony sizes seen on plates without either compound (Fig.  2) . Thus, adaptation to sodium acetate or sodium propionate included a positive effect on the motility of E. coli MG1655.
Long-term adaptation to acetate and propionate included decreased expression of genes for uptake and utilization of sugars, amino sugars, and amino acids. A number of genes showed decreased relative RNA abundances after long-term adaptation to acetate as well as to propionate ( Table 2) . Most of these genes belong to operons coding for proteins involved in the uptake and initial degradation of carbon sources other than glucose, e.g., for the sugars maltose (malXY, malT, malEFG, and glk), trehalose (treBC operon), galactose (galETKM, galS, and mglBAC, with the adjacent, divergently oriented putative b2146-b2147 operon), melibiose (melR), rhamnose (rhaT), fucose (fucPIKUR), ribose (rbsDACBK), arabinose (araC), the sugar alcohols glycerol (glpACB, glpTQ, and glpKF) and sorbitol (srlA1A2BD-gutM-srlR-gutQ), the hexuronates (exuT and uxuA), and the amino sugars N-acetylglucosamine (nagE) and N-acetylneuraminate (nanATEK-yhcH) (Table 1) . Moreover, genes coding for the uptake and/or catabolism of the amino acids serine (dsdC, dsdA, sdaB), threonine (tdcABCDEFG), aspartate (aspA), proline (putP), and tryptophan (tnaAB) showed decreased RNA levels ( Table 1) . The expression of genes coding for the uptake of lactate (lldP) and dicarboxylic acids (dctA) as well as the fatty acid utilization operon fadAB was decreased in the presence of acetate or propionate. A similar reduction in RNA levels was found for genes involved in carbon starvation (cstA, b4353-b4354, and csiE, with neighboring hcaR).
Short-term exposure and long-term adaptation to acetate and propionate resulted in increased expression of genes of the general stress response. As revealed by the hierarchical cluster analysis, a number of genes involved in the RpoSdependent general stress response (osmY, otsAB, poxB, dps, and hdeAB) showed increased expression after challenge with acetate or propionate (Fig. 1, subcluster 1) . In general, the increase in RNA levels was most pronounced in the experiment comparing gene expression before and gene expression 50 min after the addition of acetate or propionate and was not as high in cultures fully adapted to acetate or propionate. This pattern of expression was seen for osmY, coding for a hyperosmotically inducible periplasmic protein; the otsAB operon, including trehalose biosynthesis genes; the purEK operon, coding for phosphoribosylaminoimidazole carboxylase; rpsV, coding for small ribosomal subunit protein S22; 32 -dependent heat shock gene hslS (ibpB); dps, coding for a protein involved in DNA protection during starvation; and the pyruvate-oxidase gene poxB. RNA levels for the hdeAB operon and for ldhA, encoding D-lactate dehydrogenase, were increased 50 min after the addition of acetate and increased further in fully adapted cells.
The S -controlled gadA and gadB genes, encoding two isoforms of glutamic acid decarboxylase involved in extreme acid resistance, exhibited slightly increased relative mRNA levels (1.3-to 2.4-fold; statistically not significant; P value, Ͼ0.1) after adaptation to acetate or propionate. These findings were corroborated by slightly increased enzymatic glutamic acid decarboxylase activities measured in crude extracts (22 mU/mg FIG. 1. Hierarchical cluster analysis of gene expression changes in response to sodium acetate, sodium propionate, sodium chloride, and CCCP. Gene expression data from 27 microarray experiments (columns) and 179 genes (lines) are represented. Microarray experiments involved comparing gene expression by E. coli MG1655 on LB medium (reference) to gene expression 5 min (Ac_pulse_#I and II) and 50 min (Ac_50 min_#I to VI) after the addition of acetate, after adaptation to acetate (Ac_adapt_#I to IV), 5 min after the addition of propionate (Prop_pulse), after adaptation to propionate (Prop_adapt_#I to III), after adaptation to increased sodium chloride concentrations (NaCl_#I to III), and 5 min (CCCP_pulse_#I and II) and 3 h (CCCP_adapt_#I and II) after the addition of CCCP. Gene expression after the adaptation of MG1655 to acetate was compared directly to that after adaptation to propionate (Ac_vs_Prop_adapt_#I to III). Gene expression by the lrhA disruption strain IMW331 on LB medium (reference) was compared to gene expression after adaptation to acetate (Ac_adapt_delta_LrhA). Green indicates decreased RNA levels and red indicates increased RNA levels in the test culture compared to the reference culture. on LB medium, 39 mU/mg on LB medium plus 20 mM acetate, and 82 mU/mg on LB medium plus 20 mM propionate). The expression of isoleucine and threonine biosynthesis genes differed between acetate-and propionate-adapted E. coli cells. The gene expression changes after adaptation to sodium acetate and to sodium propionate largely overlapped in DNA microarray experiments comparing cells grown on LB medium in the absence or presence of either compound (Table 1) . We therefore compared RNAs prepared from cells grown for 20 generations in the presence of either 20 mM sodium acetate or 20 mM sodium propionate directly (Table 3) . Propionateadapted E. coli cells exhibited increased RNA levels for the threonine biosynthetic operon thrABC, the isoleucine biosynthetic gene ilvC, and the multiple antibiotic resistance operon marRAB (Tables 1 and 3 and data not shown). Changes in the expression of the sorbitol operon srlA1A2BD-gutM-srlR-gutQ and of hdeAB occurred in both acetate-and propionateadapted cells compared to cells grown on LB medium but were more extreme after adaptation to acetate (Tables 1 and 3 ).
DISCUSSION
We have identified global gene expression changes due to long-term adaptation to acetate or propionate at a neutral external pH. To avoid effects due to growth inhibition, low concentrations of acetate or propionate were used. Previously, such effects, which included reduced expression of many ribosomal protein genes, were determined for enterohemorrhagic E. coli O157:H7 30 min after challenge with a growth-inhibiting concentration of acetate (100 mM) (4) and by comparison of glucose-grown and acetate-grown E. coli MC4100 (50). The short-term response to the addition of high concentrations of acetate was characterized and revealed increased expression of some genes of the general stress response (4, 35, 50) . Our study confirmed these results (Table 1) and revealed a transient character of these expression changes, as fully adapted E. coli cells exhibited expression increases to a lesser extent than did cells 50 min after the addition of acetate (Fig. 1, Table 1 , and data not shown). The global gene expression analyses in this a Media tested were LB, LB-20 mM sodium acetate, and LB-20 mM sodium propionate. b ␤-Galactosidase activities were obtained from three or more independent cultivations of strains IMW356 and CP992 and varied less than 20% Mu, Miller units. c RNA levels were obtained from three or more independent cultivations of strain MG1655 and are taken from Table 1 . It is not known which chemoreceptor senses acetate or propionate. However, acetate metabolism influences switching of the flagellar motor, an effect which is attributed to the activation of CheY through adenylation by acetyl-CoA synthetase (6, 7, 53, 73) . The complex regulation of chemotaxis and flagellum gene expression has been well studied (reviewed in reference 46), but the presence of acetate or propionate is not known to increase the expression of these genes. The master regulator FlhD 2 C 2 is at the top level of the hierarchical control of chemotaxis and flagellum gene expression (for reviews, see references 31 and 46). (71) . Recently, the LysR-type regulator LrhA (43) was shown to repress flhDC transcription and thus motility. None of the known regulators of flagellum and chemotaxis gene expression has been shown to bind either acetate or propionate. The relative mRNA levels for flhDC are increased 1.5-to 2-fold in acetate-and propionate-adapted E. coli (Table  1) , so it is reasonable to assume that regulation occurs via modulation of FlhD 2 C 2 levels. RNA levels for genes regulated by OmpR did not change (ompC) or were decreased (fadL and ompF) rather than showing an increase, like those for the chemotaxis and flagellum genes. CsrA represses gluconeogenesis and glycogen metabolism but activates glycolysis and acetate metabolism and stimulates flhDC expression. Similarly, steady-state RNA levels for acs and glgCAP, which are regulated by CsrA, did not change after adaptation to propionate or acetate in exponentially growing E. coli. RNA levels for the genes for the regulators Pss, Psd, GrpE, CsrA, SdiA, CRP, H-NS, DnaK, DnaJ, and QseBC (b3025-b3026) were not changed significantly after adaptation to acetate or propionate (Table 1 and data not shown). Cultures adapted to acetate or propionate showed 1.8-fold decreases in RNA levels for the LrhA regulator gene (Table 1 and data not shown). However, an lrhA disruption strain also showed increased expression of the chemotaxis and flagellum genes (Fig. 1, Table 1 , and data not shown). Thus, increased expression of these genes after adaptation to acetate is not dependent on regulation by LrhA, and it remains to be shown how this regulation is mediated. We expect that increased expression of chemotaxis and flagellum genes after adaptation to propionate similarly is not dependent on regulation by LrhA, although we did not test this notion.
Changes in the expression of central metabolic genes. In our experiments, neither acetate nor propionate served as a primary carbon source. Neither the acetyl-CoA synthetase gene acs (16, 36) nor the propionate utilization operon prpBCDE (10, 27, 51, 68) showed increased expression after adaptation to acetate or propionate (Table 1 and Fig. 3) . However, the expression of the glyoxylate cycle operon aceBAK which is essential for the utilization of acetate and of propionate as sole carbon sources (16, 68) , increased after adaptation to acetate and propionate (1.5-and 2.5-fold, respectively) ( Table 1 and Fig. 3) . As under the conditions used in this study glucose could not be detected (Ͻ0.5 mM), genes subject to glucose repression, e.g., the gluconeogenesis genes pckA, ppsA, maeB (b2463), and fbp, did not show a significant change in expression (Table 1 and data not shown), whereas they obviously did in a comparison of glucose-grown and acetate-grown E. coli cultures (50) .
The global gene expression changes seen after adaptation to external acetate (and to propionate) suggest a metabolic response aimed at avoiding acetate formation by E. coli itself. Many genes involved in the uptake and degradation of potential carbon sources, such as sugars (e.g., malEFG), amino sugars (e.g., nanATEK-yhcH), sugar alcohols (e.g., srlA1A2BD-gutM-srlR-gutQ), amino acids (e.g., tnaAB), lactate (lldP), dicarboxylic acids (dctA), and fatty acids (fadAB), showed significantly decreased gene expression after adaptation to acetate (Table 1 and Fig. 3) . Accordingly, the expression of carbon starvation genes also was reduced (e.g., cstA).
Moderate increases in ldhA expression (2-to 3-fold) were seen after adaptation to sodium acetate, sodium propionate, and sodium chloride (Table 1 and Fig. 3 ). The expression of the NAD-dependent D-lactate dehydrogenase gene ldhA is maximal with pyruvate, at a low pH, and with a low level of oxygen (30) . A role in rerouting fermentative metabolism from acetate and formate toward lactate, hydrogen, and carbon dioxide has been described (14, 56) , and this mechanism may be related to increased ldhA expression after adaptation to external acetate. Besides ldhA, the genes coding for the pyruvateconverting enzyme pyruvate oxidase (poxB) were expressed at higher levels, whereas lactate uptake permease gene (lldP) expression was decreased ( Table 1 ). The expression of aceEFlpd, encoding pyruvate dehydrogenase, was not changed significantly (Fig. 3 , Table 1 , and data not shown). Increased extracellular pyruvate concentrations (6 mM on LB medium plus acetate and 3.5 mM on LB medium plus propionate compared to 1 mM on LB medium) correlated with these expression changes and may indicate an important role for intracellular pyruvate in the regulation of carbon metabolism.
Many of the genes showing decreased RNA levels after adaptation to acetate or propionate are known to be regulated by cAMP-CRP. Recently, glycerol was shown to induce catabolite repression in E. coli growing on tryptone broth complex medium (19) , but temporary dephosphorylation of the PTS component EIIA Glc phosphate was not the determining factor. Glycerol-3-phosphate, which is derived from glycerol, inhibits the stimulation of adenylate cyclase activity by EIIA Glc phosphate, a mechanism which may be the basis for catabolite repression by other non-PTS carbon sources (19) . Thus, it is conceivable that the addition of acetate or propionate resulted in a similar kind of catabolite repression.
Changes in the expression of stress genes. The inhibitory effects of acetic acid and propionic acid or of their deprotonated forms on E. coli are well known and are potentiated at low pHs. In the experiments presented here, all cultures were kept in the exponential growth phase by repeated dilution, and the pH during cultivation remained constant at between 6.6 and 6.9. Therefore, we did not primarily interrogate the response of E. coli MG1655 to stress from a basic or an acidic external pH. The response of E. coli to low external pHs involves amino acid decarboxylation and export of basic VOL. 69, 2003 ADAPTATION OF E. COLI TO ACETATE OR PROPIONATE 1771 amines (61) . The expression of cadAB, encoding lysine decarboxylase, along with the cadaverine exporter gene lysU and the ornithine and arginine decarboxylase genes speF and adi is increased anaerobically at low pHs but remained unchanged under the conditions used in this study. Similarly, the expression of yfiD, ahpC, manX, ptsH, and gatY was not increased after adaptation to acetate or propionate, whereas increased levels of the encoded proteins were found at low pHs (11) . Fermentation genes, like the formate hydrogen lyase system genes, show anaerobic acid regulation. As expected, the expression of the formate hydrogen lyase system genes remained unaffected in the aerobic acetate and propionate adaptation experiments described here (Table 1) . Proteome as well as transcriptome analyses have been performed to assess the effect of acetate on E. coli at a neutral pH (4, 35) . For pathogenic E. coli O157:H7, increased RNA levels for 26 genes and decreased RNA levels for 60 genes were determined 1 h after challenge with a growth-inhibiting concentration of acetate (100 mM) by expression profiling with membrane macroarrays (4) . Most of the genes showing reduced expression encode components of the transcriptiontranslation machinery, reflecting the growth-inhibiting effect (4) , and the expression of these genes was not affected by the addition of only 20 mM acetate ( Table 1 ). The addition of acetate led to increased expression of members of the rpoS regulon (4, 11) (dps, hdeAB, osmY, poxB, and otsAB in Table  1 ). RpoS is necessary but not sufficient for the induction of acid tolerance at entry into the stationary growth phase, during growth at low pHs, or during growth with acetate (4, 61) . RpoS is also important for the virulence of pathogenic E. coli strains and the expression of specific virulence genes (24) . The RpoS regulon comprises about 70 genes (24), but only a subset of them showed statistically significant expression changes by adaptation to acetate or propionate (Table 1) (4, 35) . These results might be explained by the fact that the regulation of most rpoS-controlled genes is complex and involves, e.g., additional transcription factors (23) .
Gene expression changes as a consequence of an increase in the sodium chloride concentration in LB medium to 20 mM and thus in medium osmolality were very small, as no gene exhibited twofold increases or decreases in RNA levels (Table  1) . However, the adaptive response to acetate or propionate included expression changes for genes involved in osmotic homeostasis. Besides the expression of RpoS-regulated osmY, the expression of the betIBA operon for the synthesis of the compatible solute glycine betaine from choline, of the proVWX FIG. 3 . Changes in the expression of central metabolic genes in the adaptive responses to acetate and to propionate. Enzyme reactions or pathways are depicted as arrows, and names of the genes for the proteins involved are given next to them. Broken arrows indicate several reactions of uptake and/or initial catabolism, and solid arrows indicate single reactions. Decreased (Ϫ), unchanged (ϭ), and increased (ϩ) RNA levels after adaptation to acetate or propionate compared to growth on LB medium are shown.
